The complex perovskite ThCu 3 Mn 4 O 12 has been prepared at moderate pressures of 2 GPa. With respect to the parent compound CaCu 3 Mn 4 O 12 , the replacement of Ca 2+ by Th 4+ involves a double electronic injection that leads to a substantial increment of T C , up to 370 K. The crystal structure was refined in the space group Im3 from NPD data collected with λ = 1.33Å at r. t. An additional NPD pattern recorded at 1.8 K with λ = 2.42Å allowed to refine the magnetic structure, which displays a ferrimagnetic coupling between Mn 3+ /Mn 4+ and Cu 2+ spins, aligned along the c direction. The refined magnetic moments at the Mn and Cu substructures of 2.5 and −0.5 µ B , respectively, account for the observed saturation magnetisation at 2 K, of 7 µ B /f. u. A semiconducting behaviour is observed between 10 and 350 K which can be correlated with the appearance of a gap in the conduction band for the ∼50 % Mn 3+ /50 % Mn 4+ mixed valence observed in the B substructure of this perovskite.
Introduction
The discovery of "colossal" magnetoresistance (CMR) in La 1−x Sr x MnO 3 -type compounds [1, 2] together with its many unusual properties has attracted considerable attention. Very few oxide systems have been described to show these appealing properties, simultaneously exhibiting ferromagnetic and halfmetallic character [3] . Besides the simple oxides CrO 2 and Fe 3 O 4 , some selected complex oxides such as the pyrochlore Tl 2 Mn 2 O 7 or the double perovskite Sr 2 FeMoO 6 have been demonstrated to show nonnegligible MR at r. t., as required for technological applications [4] . The colossal magnetoresistance phenomenon is an interesting physical bearing that can appear in materials where some degrees of freedom are simultaneously active [5] . The electronic complexity of these compounds, showing charge, spin, but also lattice and orbital degrees of freedom, leads to giant responses to small perturbations [6] .
Among these few half-metallic oxides, the complex perovskite CaCu 3 Mn 4 O 12 [7, 8] has attracted the interest of solid-state scientists since it exhibits a 0932-0776 / 08 / 0600-0655 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com considerable low-field magnetoresistance at r. t., decoupled with T C (355 K). The crystal structure of CaCu 3 Mn 4 O 12 [9] has the particularity of containing Cu 2+ (or other Jahn-Teller transition metal cations, such as Mn 3+ ) at the A positions of the ABO 3 perovskite, ordered together with Ca 2+ in a 2a 0 × 2a 0 × 2a 0 cubic cell of body-centred symmetry (a 0 = unit cell of the perovskite aristotype). Given the small size of the A cations, there is an important tilting of the MnO 6 octahedra, providing an effective square-planar coordination for Cu 2+ , whereas Ca 2+ is located in a perfectly regular 12-fold coordinated oxygen environment.
This structural type has been demonstrated to be able to accommodate a large variety of chemical substitutions, either at the Ca, Cu or Mn substructures [10] in the family of general stoichiometry A A 3 B 4 O 12 .
For instance, the replacement of Ca 2+ cations by rare earths in the ECu 3 Mn 4 O 12 (E = rare earths) family, implies an electron doping effect that affects the magnetic and transport properties, as demonstrated recently [11, 12] . Whereas the synthesis of many materials of the A A 3 B 4 O 12 family has been described to require high-pressure conditions (7 GPa), necessary to stabilise the small A cations in the twelve-fold positions of the perovskite, recently, we have been able to synthesise some new derivatives of CaCu 3 Mn 4 O 12 at moderate pressures of 2 GPa, starting with very reactive precursors, obtained by wet-chemistry techniques [13] . The electron injection can be doubled in materials where Ca is replaced by a tetravalent cation with suitable size, typically Th 4+ or Ce 4+ . In this work, we present magnetic and magnetotransport results on ThCu 3 Mn 4 O 12 , prepared at 2 GPa starting from citrate precursors; the crystal and magnetic structure were also studied from NPD data, confirming previous reports regarding the ferrimagnetic coupling of Mn and Cu substructures [14] . 3 were dissolved in citric acid. The solution was slowly evaporated, leading to a resin which was dried at 120 • C. The sample was then heated at 600 • C for 12 h in order to eliminate all the organic materials and nitrates. This precursor was thoroughly ground with KClO 4 (30 % in weight), put into a gold capsule (8 mm diameter, 10 mm length), sealed, and placed in a cylindrical graphite heater. The reaction was carried out in a piston-cylinder press (Rockland Research Co.) at a hydrostatic pressure of 2 GPa at 1000 • C for 60 min. Then the material was quenched to r. t., and the pressure was subsequently released. The "in situ" decomposition of KClO 4 provides the high O 2 pressure required to stabilise Mn 4+ cations. A fraction of the raw product, obtained as a dense, homogeneous pellet, was partially ground to perform the structural and magnetic characterisation; some as-grown pellets were kept for magnetotransport measurements. The ground product was washed in a dilute HNO 3 aqueous solution, in order to dissolve KCl coming from the decomposition of KClO 4 and to eliminate small amounts of unreacted CuO; then the powder sample was dried in air at 150 • C for 1 h.
Experimental Section
The characterisation by XRD was performed using a Bruker-AXS D8 diffractometer (40 kV, 30 mA), controlled by the DIFFRACT plus software, in Bragg-Brentano reflection geometry with CuK α radiation (λ = 1.5418Å). A secondary graphite monochromator allowed the complete removal of CuK β radiation. The data were obtained between 10 and 100 • 2θ in steps of 0.05 • . Neutron powder diffraction (NPD) patterns were acquired at the high-flux D20 diffractometer of the Institut Laue-Langevin in Grenoble. The sample, weighing 1 g, was packed in a vanadium holder of 6 mm diameter. A pattern was collected at r. t. with a wavelength of 1.33Å and a counting time of 30 min in the high-resolution mode, with 10 collimation. A low-temperature (1.8 K) diagram was recorded with a wavelenght of 2.42Å for 30 min in order to investigate the magnetic structure. The NPD patterns were analysed by Rietveld methods, using the program FULLPROF [15] . The line shape of the diffraction peaks was generated by a pseudo-Voigt function and the background refined to a 5 th -degree polynomial. The coherent scattering lengths for Th, Cu, Mn, and O were, respectively, 10.31, 7.718, −3.73 and 5.803 fm. In the final run the following parameters were refined: background coefficients, zero-point, half-width, pseudo-Voigt and asymmetry parameters for the peak shape; scale factor, positional, occupancy factors for oxygens, isotropic displacement factors for all the atoms and the unit cell parameters.
The dc magnetic susceptibility was measured with a commercial SQUID magnetometer on powdered samples in the temperature range 5 -400 K with an applied field of 0.1 T; magnetisation isotherms were recorded at 2, 150, 300 and 370 K between −5 T and +5 T; transport and magnetotransport measurements were performed by the conventional fourprobe technique, under magnetic fields up to 9 T in a PPMS system from Quantum Design.
Results and Discussion
ThCu 3 Mn 4 O 12 oxide was obtained as a well-crystallised powder. The laboratory XRD diagram is characteristic of a cubic perovskite showing sharp, welldefined superstructure reflections due to the 1 : 3 ordering of Th and Cu cations, and can all be indexed in the space group Im3. The unit cell parameter is a = 7.4058(5)Å. This is much superior to the unit cell dimension of the parent compound CaCu 3 Mn 4 O 12 (a = 7.241Å [9] ) due to the double injection of electrons realised when replacing Ca 2+ by Th 4+ .
Structural refinement
The structural refinement of ThCu 3 Mn 4 O 12 was performed from r. t. NPD data in the space group Im3 (no. 204), using the CaCu 3 Mn 4 O 12 structure as starting model [9] , with Th atoms at 2a (0, 0, 0), Cu at 6b (0, 1/2, 1/2), Mn at 8c (1/4, 1/4, 1/4) and O at 24g (x, y, 0) sites. A reasonable fit (R I ≈ 6 %) was obtained for this preliminary model. As a second step, the possibility that some Mn 3+ cations occupy some of the Cu 2+ positions at 6b sites was considered, and the complementary occupancy factors were refined, constrained to full occupancy. Neutron diffraction is specially suited to detect a small fraction of Mn at Cu positions, given the contrasting scattering lengths for both elements. After this refinement the quality of the fit was slightly improved, reaching a discrepancy factor of R I = 4.88 %. The subsequent refinement of the occupancy factor for oxygen positions confirmed the full stoichiometry of the oxygen substructure. The presence of two impurity phases, ThO 2 and K 2 Mn 8 O 16 with hollandite structure (coming from a collateral reaction with KClO 4 ) was considered by including their crystal structures as second and third phases in the refinement (Fig. 1) rameters and discrepancy factors after the refinement. Fig. 1 shows the good agreement between the observed and calculated NPD profiles at r. t. Fig. 2 , and contains several features that must be highlighted. The Th atoms are coordinated to 12 oxygen atoms, with equal Th-O distances of 2.57Å, while the oxygen environment for the Cu 2+ cations is highly irregular, with 8 rather long distances (2.82 and 3.27Å at r. t.) and an effective coordination number of four, with Cu-O bond lengths of 1.976Å in a pseudo-square arrangement ( [9] ). In this peculiar superstructure of perovskite, the tilting angle of the octahedra is strongly determined by the CuO 4 square-planar units in such a way that an increase in the octahedral size is accommodated by an expansion of the ThO 12 and CuO 4 units, which are, in this case, under a certain tensile stress.
Magnetic properties
The magnetic susceptibility vs. temperature curve shown in Fig. 3 exhibits the abrupt increase characteristic of a spontaneous ferrimagnetic ordering. The spontaneous magnetisation corresponds to the opposite alignment of Cu 6b and Mn 8c magnetic moments. The Curie temperature of 370 K is considerably higher than that observed for the undoped ferrimagnetic system Ca(Cu 2.5 Mn 0.5 )Mn 4 O 12 (T C = 345 K) [16] . The magnetisation vs. magnetic field isotherms (Fig. 4a ) collected at T = 2, 150, 300 and 370 K are also characteristic of a ferromagnetic ordering, exhibiting a maximum saturation magnetisation of 7.2 µ B /f. u. at 2 K. The coercive fields of the hystheresis cycles decrease linearly as temperature increases, as shown in Fig. 4b . The saturation magnetisation observed at 2 K is very much reduced with respect to that expected for a perfect ferrimagnetic structure of (Mn 3+ 2 Mn 4+ 2 ) For the ∼50 % Mn 3+ /50 % Mn 4+ present in the B substructure of this oxide there may be a large rate of AFM coupling, which undoubtedly would decrease the saturation magnetisation, as observed. The absence of long-range ordering between Mn 3+ and Mn 4+ cations at the B substructure would give rise to a considerable magnetic frustration, preventing the development of a full longrange magnetic ordering.
Magnetic structure
On the low-temperature NPD diagram collected at 1.8 K with λ = 2.42Å there is evidence for a magnetic contribution to the scattering on the low-angle Bragg reflections, particularly visible on the [2 2 0] Bragg position, at 2θ ≈ 55.6
• . This contribution is characteristic of a ferromagnetic ordering, in which the magnetically ordered unit cell coincides with the crystallographic one. We have modeled a collinear ferrimagnetic structure, implying an antiferromagnetic coupling of the Mn and Cu magnetic moments, as it has been suggested from band-structure calculations [17] for the parent CaCu 3 Mn 4 O 12 compound. We have modeled a perfect ferrimagnetic ordering between the magnetic moments at 8c and 6b positions and refined this model for the 1.8 K NPD data.
After the full refinement of the profile, including the magnetic moments, a discrepancy factor R mag of 8.2 % was reached. The refinement led to ordered moments of 2.24(9) µ B and −0.47 (11) µ B for the 8c and 6b sites, respectively, oriented along the [001] direction. Both values are noticeably reduced from those expected for a random distribution of Mn 3+ /Mn 4+ over the 8c sites, of 3.5 µ B per site, and from Cu 2+ (with less than 5 % of Mn 3+ at the 6c sites) of ∼ −1 µ B . From the refined ordered magnetic moments at both sublattices we can estimate a saturation magnetisation of 7.55 µ B /f. u., which is in excellent agreement with the experimental value (7.2 µ B /f. u.). Fig. 5 displays the goodness of the fit to the experimental NPD profile after the Rietveld refinement of the magnetic structure. It is also important to underline that the crystal structure at 1.8 K, refined together with the magnetic structure, does not show any superstructure reflection which could indicate the presence of long-range ordering (charge ordering) of Mn 3+ /Mn 4+ at the B substructure of the perovskite. The pattern can be correctly fitted within the symmetry of the space group Im3. Fig. 6a shows the resistivity vs. temperature plot, characteristic of a semiconducting behaviour, with a value for ρ(T = 300 K) of around 0.26 Ω · cm, which is considerably lower than that described for the parent CaCu 3 Mn 4 O 12 compound (∼ 1.8 × 10 3 Ω cm [7] ). This low resistivity value suggests an increase of the carrier density with respect to the parent compound, probably related to the mixed-valence state induced on the Mn cations at the B positions of the perovskite as a consequence of the replacement of Ca 2+ by Th 4+ . Nevertheless, it is surprising that thermally activated semiconducting behaviour is observed in this sample, in contrast with the metallic behaviour observed for many members of the ECu 3 Mn 4 O 12 series with E = trivalent rare earths. Taking into account that the amount of Mn 3+ and Mn 4+ at the B sites is virtually 50 %, we hypothesise that, as it frequently happens in transition metal oxides with a half-filled conduction band, there is a gap opening in this band giving rise to the observed insulating or semiconducting behaviour [18] . In any case, the observed insulating behaviour is not comparable to that of a standard semiconductor. Its resistivity is thermally activated but it does neither follow a simple law R = R 0 exp(Ea/k B T ), nor any other standard regime of conductivity via polarons.
Electrical properties
Regarding the changes in resistance under a magnetic field we define MR(H) = 100 × [R(H)-R(0)]/R(0). Fig. 6b illustrates the evolution of MR vs. the magnetic field as isotherms at 150 and 350 K in the range H = 0 -9 T for ThCuMn 4 O 12 . The magnetoresistance increases with decreasing temperature, reaching a maximum value of −9.0 % at 150 K and 9 T. At 350 K there is a non-negligible magnetoresistance of −6.9 % at 9 T. The most striking feature of these isotherms is the strong component of low-field MR, defined for magnetic fields lower than 1 T. A value of MR (1 T) higher than 5.5 % is observed at 150 K, and it is not negligible (about 1 %) at r. t. These figures make this compound a candidate for applications in spintronic devices.
Conclusions
The complex perovskite ThCu 3 Mn 4 O 12 has been synthesised at a moderate pressure of 2 GPa in the presence of an oxidising agent. The structural refinement from NPD data at r. t. shows that the 6b positions of the perovskite are randomly occupied by Cu 2+ and 5 % Mn 3+ cations; the magnetic structure corresponds to an antiferromagnetic arrangement of Cu 2+ 6b and (Mn 3+ ,Mn 4+ ) 8c , giving rise to a global ferrimagnetic structure. The tilting angle of the MnO 6 octahedra does not significantly evolve from the parent CaCu 3 Mn 4 O 12 compound, in spite of the expansion of the octahedral units, since the tilting is strongly determined by the almost square-planar CuO 4 units. The ferromagnetic T C is considerably enhanced (T C = 370 K) with respect to the Ca compound (T C = 345 K) due to the double electron injection realised upon replacing Ca 2+ by Th 4+ . Despite the 50 % Mn 4+ /50 % Mn 3+ ratio observed at the B positions of the perovskite, there is no sign of charge ordering either at r. t. or 1.8 K. The resistivity shows a thermally activated behaviour which could be due to the opening of a gap in the conduction band for this particular Mn 4+ /Mn 3+ ratio; the low-field MR at r. t. is substantial (1 % at 1 T) and could be exploited in spintronic devices.
